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Carbon fibre reinforced polymer (CFRP) composites have excellent specific mechanical properties, which have con-
tributed to the replacement of metallic structural components in high-tech sectors. However, the anisotropic and inhomo-
geneous properties of CFRPs render them difficult to cut. Burr is one of the main machining-induced macro-geometrical
defects in CFRPs. Even though burr does not weaken the resultant strength of the composites (unlike delamination), its
removal is time-consuming and costly. The main aim of the present paper is to investigate the efficiency of the mechanical
deburring method. Deburring experiments were carried out on unidirectional CFRP, based on a full factorial experimental
design using a special solid carbide cutting tool. The effects of feed and cutting speed were analysed using digital image
processing and visual evaluation of high-resolution images. The experimental results show that the examined factors
seem to have no significant effect on the results over the applied parameter range, because the exit burrs were suc-
cessfully removed at each parameter setting. Furthermore, during the deburring process, the formation of a significant
amount of chamfers was observed. Since the size of the chamfers depends on the size of delamination-induced material
deformation and process control, it should be either compensated for or monitored in the future to develop a more reliable
deburring process.

Keywords: deburring, carbon fibre reinforced polymer, exit burr, drilling, digital image processing

(rg) is small: type I: § = 0°/180°, type II: § = 45°,

Nowadays, carbon fibre reinforced polymer (CFRP) com-
posites make up a significant proportion of materials used
in the automotive, defence, aerospace, marine and space
technology industries where it is almost indispensable
[?]. The reason for their popularity is due to the fact that
they have excellent mechanical properties, however, their
anisotropic and inhomogeneous properties cause major
problems like delamination, microcracks and burrs which
have to be solved in machining. The main machining-
induced defects in terms of machining CFRPs are delam-
ination and burrs which bring about inaccuracies and also
damage the structure of the workpiece [?].

Although the formation of burrs in quasi-
homogeneous materials like metals has been studied for
decades, research into burr formation in fibrous com-
posites is not that extensive. In fibre reinforced polymer
composites, the burr formation mechanism strongly
depends on the following five key factors: the material to
be machined, the fibre cutting angle (6), the machining
direction, the supporting plate in use and the cutting edge
radius (7). Four types of chip-removal mechanisms are
associated with machining unidirectional CFRPs when
the rake angle () is positive and the cutting edge radius
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type III: & = 90°, and type IV: § = 135°. The fibre
cutting angle has a significant effect on the texture of
the machined surface as well as on the burr formation
mechanism [?]. Jia et al. [?] examined the effect of the
machining direction at the working point. They observed
that in the absence of an external supporting plate, the
machining is bending-dominated and the probability of
uncut fibres and burrs forming increased. However, if
the fibre is supported by either a plate or a material, the
machining is fracture-dominated and the possibility of
surface damage is minimal.

Fuji et al. [?] investigated the effect of the cutting edge
radius and fibre cutting angle on surface defects after ma-
chining and found that if 7 is relatively small, machining
will occur with fracture-dominated fibre cutting. How-
ever, should g be too large, bending-dominated thread
cutting takes place, where there is no guarantee that cut-
ting will be successful. They also studied burr forma-
tion during drilling and observed that the area around the
hole can be divided into four separate regions, where the
boundaries of the regions were chosen based on the fi-
bre cutting angles. These four regions are symmetrical in
pairs and the same processes take place in them, as can
be seen in Fig. ??. If the fibre cutting angle is within the
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Figure 1: Surface damage as a result of drilling CFRP
laminates using a worn tool [?]

range of 90 © < 6 < 180 °, the material is machined
under favourable conditions. This range is not character-
ized by burr formation but fibre pull-out occurs more fre-
quently (depicted by the green range in the figure). If the
fibre cutting angle is within 0 °© < 6 < 90 ° (illustrated
by the red range in Fig. ??), the tool will machine the ma-
terial under adverse conditions. Within this interval, if the
tool edge radius is large, burrs will always form here.

Xu et al. [?] examined burr formation, tearing and de-
lamination with a digital microscope and an ultrasonic
C-scan technique using three tools with different geome-
tries. They observed that the feed has a significant effect
on the extent of drilling defects. They also noted that
while the cutting performance of brad and spur drills is
the best during drilling, the dagger drill was the least sat-
isfactory.

The primary purpose of machining is to produce clear
as well as burr- and damage-free geometrical features.
Several suggestions have been made for the parameter set
and the use of special cutting tools to ensure damage-free
machining. Yu et al. [?] investigated a new tool geometry
for CFRP drilling. The double-pointed tool had an extra-
grooved helical cutting edge, which was significant due
to the removal of burrs formed during drilling. The ex-
periment was also performed with a conventional drill as
a reference and later compared to the two results which
showed that no burrs occurred at the exit point of the
holes, even after more than 100 drilling operations had
been performed.

In the case of the improper selection of a machin-
ing technology and parameters, the remaining burrs can

be reduced by deburring methods. Islam et al. [?, ?] in-
vestigated the effectiveness of deburring strategies us-
ing electrical discharge machining (EDM) and observed
that the material removal rate increased for the negatively
charged tool and as the capacity increased, the voltage
and gas pressure also rose during both solid-state dielec-
tric EDM processes. In addition, compared to conven-
tional oily EDM, oxygen caused the material removal rate
to almost triple and that of air to nearly double. Based on
these results, it was stated that dry EDM is much more
effective than oily EDM with regard to the deburring
of CFRP. Park et al. [?] investigated a hybrid cryogenic
method for deburring. They compared four setups and es-
tablished that the final setup was the most effective with
a burr removal rate of 100%.

Even though the aforementioned deburring technolo-
gies are suitable to remove CFRP burrs, their material
removal rate is not as good as the mechanical equiva-
lent. A relatively wide range of cutting tools can be used
for mechanical deburring [?], e.g., compact tools that can
remove both the entrance and exit burrs (like spiral slot
drills) as well as those that can only remove burrs on one
side of the composite (like tapered countersink drills).
However, since the number of studies examining their ef-
fectiveness is relatively low in the field of CFRP debur-
ring, the main aim of the present study is to analyse the
mechanical deburring of drilling-induced burrs in unidi-
rectional CFRP composites.

2. Experimental setups

The deburring experiments were examined on a pre-
drilled vinyl ester-based unidirectional carbon fibre rein-
forced polymer (UD-CFRP) plate. The main mechanical
properties of the UD-CFRP plate at different fibre orien-
tation angles (®: angle between the fibre direction and
load directions of the mechanical tests) are listed in Ta-
ble ??. The pre-drilled composite can be seen in Fig. ??.
The diameter of the pre-drilled holes was d = 10 mm.
Given that the performance of the mechanical deburring
was tested on the exit burrs, the entrance burrs were re-
moved by a sheet of sandpaper to prevent them from in-
fluencing the evaluation.

The deburring experiments were conducted on a Kon-
dia B640 3-axis machining centre. A Nilfisk GB733 in-
dustrial vacuum cleaner was used to remove the carbon
fibres from the machining zone. A FRAISA 20340.450
uncoated, solid carbide compression end mill with coarse
teeth was used with a diameter of D = 10 mm and a
point angle of ¢ = 135°. The schematic diagram of the

Table 1: Main mechanical properties of the applied UD-CFRP

Mechanical properties d=0° d = 30° P = 60° $ = 90°
Tensile strength (MPa) 547.85£45.78 61.22£5.15 1736 £1.31 19.01 £1.83
Charpy impact strength (kJ/m?) 263.17£24.76 26.83+2.24 935+1.16 5.28+0.20
Average Shore D hardness (-) 88.2+0.4

Average interlayer shear strength (MPa) 21.77+£0.70
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Table 2: The values of the parameters at different levels

Parameters Levels

1 2 3
Cutting speed (v, m/min) 20 60 100
Feed (f mm/rev) 0.05 0.075 0.1

deburring cycle is illustrated in Fig. ??. The applied de-
burring cycle was a rolling circular interpolation motion,
where the cutting point of the tool was at the middle of
the main cutting edge at the point denoted by 7" in the ab-
sence of a cooling fluid. The experiments were designed
by the full factorial method. The parameter set was cho-
sen based on previous works [?, ?] and suggestions from
tool producers. The parameter sets can be seen in Table

Back-up support plate Pre-drilled UD-CFRP plate

??. The set values of the parameters are interpreted at the
T position of the cutting tool. Each experimental setting
was repeated five times and their order was randomized
to eliminate hidden errors during the experiment. A Dino-
Lite Premier AD7013MZT digital handheld microscope
was applied for image capturing before and after debur-
ring. The drilled and deburred holes were captured by the
microscope from the top side while they were illuminated
from the bottom side by an LED source to improve the
contrast of the images. The digital images taken before
and after deburring were processed to determine the burr
area (Ap). The main steps of the digital image processing
are illustrated in Fig. ??. Firstly, the original image was
taken, before being filtered and segmented in the second
step. Finally, the image was cut to form a particular shape

Figure 2: Drilling-induced exit burrs at the edges of the pre-drilled holes in the CFRP composite
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Figure 3: The rolling circular interpolation motion and the 1" cutting point of the tool
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Burrs

Figure 4: Main steps of the digital image processing method: (a) original image, (b) filtered and segmented image, (c) cut

around hole

in order to determine the burred area parameter by pixel
counting and transformation. The Ay parameters, which
are listed in Table ??, were determined before the debur-
ring experiments.

3. Results and discussion

The efficiency of mechanical deburring was examined in
this study on drilling-induced exit burrs by comparing the
parameters Ay and Ap. Each parameter was determined
by a digital image processing method of images taken
before and after deburring. The digital image processed
holes — before and after deburring — are summarised in
Fig. ??. As can be seen, the holes contained a significant
amount of burr before deburring, which was radically re-
duced by the applied deburring cycle. It can be stated that
the deburring experiment was successfully completed. In
addition, based on the images, the examined parameters
seem to have no significant effect on the results because
the exit burrs were totally removed under all experimen-
tal conditions. Furthermore, some remaining burrs can be
seen on the post-deburring photos. These errors could be
the result of the following three main issues: (i) an er-
ror in terms of the digital image processing method could
distort the filtered and segmented photos, (ii) the inner
surface of the holes can reflect light or contain some un-
cut fibre which can also distort the photos, and (iii) if the
entrance side of the hole contour contains burrs or uncut
fibres, these will be visible on images as well as disfigure

the filtered and segmented photos.

The Ay parameters were also determined by the
digital image processing method. In Fig. ??, the
parametersAyy and A, were both depicted so they can
be easily compared. These Aj, values were consistent
with the photos. It can be seen on the diagram that the
deburring cycle minimized the average amount of burr
(Ap = 2.496 mm?), where the standard deviation was
relatively low (s(Ap) = 0.422 mm?).

In addition to the analysis of the burred area, the de-
burred workpiece was quantitatively evaluated by taking
a high-resolution photo of each hole which were then vi-
sually evaluated by searching for machining-induced sur-
face defects, e.g., uncut fibres, fragmentation, delamina-
tion, burr formation and burnout. These enlarged images
of the holes present all the macro-type errors which could
be observed and identified (Fig. ??a-h). The properties of
the critical holes can be seen in Table ??. It was observed
that the macro-type errors were characteristically uncut
fibres. It can also be noticed that the defects mostly ap-
peared symmetrically on the chamfers as a result of the
directional dependence of the unidirectional CFRP plate,
as was also observed by Fuji et al. [?].

It can be seen that 4 out of the 5 repetitions with
the parameters v. = 20 m/min and f = 0.1 mm/rev
contained macro-type errors, so this parameter set can
be identified as the most unfavourable setup and the set
ve = 60 m/min and f = 0.1 mm/rev with 3 out of the
5 repetitions containing such areas as the second least

Table 3: Burr areas before deburring (Ano)

No. Apo (mm?) [ No. Ay (mm?) [ No. Ay (mm?) | No. Apg (mm?) | No. Apo (mm?)
1 22.0168 10 15.9655 19  17.1038 28  12.7630 37  15.5607
2 16.3193 11 12.5244 20 11.7950 29 13.7123 38 17.7133
3 17.6914 12 12.1362 21 11.8991 30 27.4602 39 14.9731
4 15.9935 13 10.3192 22 22.1512 31 18.0514 40  25.4493
5 14.1156 14 23.8615 23 16.8891 32 19.2630 41 17.4130
6 16.0116 15  14.4638 24 13.9843 33 12.6162 42 14.4501
7 13.0983 16  11.1045 25  11.8457 34 14.7083 43 22.6858
8 16.6144 17 13.7582 26 12.8019 35 33.3027 44 14.4981
9 20.3942 18  12.2648 27  15.2845 36 14.7146 45 124184
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Figure 5: The digital image processed holes — before and after deburring

favourable. Only 1 out of the 5 repetitions for the param-
eter set v, = 20 m/min and f = 0.01 mm/rev consisted
of macro-type errors, possibly as a result of a random in-
fluential effect. No macro-type errors were visible by the
naked eye in the other holes.

By taking into account that each experimental setup
analysed resulted in efficient deburring, the maximum
v, = 100 m/min and f = 0.1 mm/rev is recommended to
achieve the maximum material removal rate (MRR).

Although the present experimental results show that

the developed mechanical deburring technology is effi-
cient over the whole analysed parameter range of v, =
20 — 100 m/min and f = 0.05 — 1 mm/rev, a signif-
icant degree of chamfer formation was observed. Since
the size of these chamfers probably depends on the size
of delamination-induced material deformations and pro-
cess control, this should be compensated for or monitored
in the future.
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Figure 6: Comparison of burr areas before (Ano) and after (Ay,) the applied deburring cycle 8

Figure 7: The holes with observed macro-type errors: a) burrs, b) uncut fibres and rough surface roughness, c¢) burrs and uncut
fibres, d) uncut fibres and rough surface roughness, e) rough surface roughness, f) uncut fibres, g) burrs and uncut fibres, h)
rough surface roughness and delamination
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Table 4: Properties of the holes containing macro-type er-
rors

Presented Applied parameters

picture No. of hole during deburring
ve (m/min)  f (mm/rev)

a) 4 20 0.1

b) 5 20 0.1

c) 13 20 0.01

d) 15 60 0.1

e) 17 60 0.1

f) 20 20 0.1

g) 39 20 0.1

h) 45 60 0.1

4. Conclusions

In the present study, the influence of the cutting speed
(ve) and feed (f) on the efficiency of mechanical debur-
ring was experimentally analysed. The efficiency of me-
chanical deburring was examined by digital image pro-
cessing. According to the present study, the following
conclusions can be drawn:

* The applied mechanical deburring technology suc-
cessfully removed all CFRP burrs in each experi-
mental setup.

» The experimental results show that neither the feed
nor the cutting speed have a significant influence on
deburring over the analysed parameter range.

e According to the quantitative evaluation, the ob-
served holes with macro-type errors show that the
parameters v. = 20 m/min and f = 0.1 mm/rev
can be identified as the most unfavourable setup,
followed by the parameter set v, = 60 m/min and
f =0.1 mm/rev.

* As the mechanical deburring was successful when
implementing each parameter set, it is recom-
mended that the maximum parameters v. = 100
m/min and f = 0.1 mm/rev be applied in order to
maximise the material removal rate (MRR).

e During the deburring process, a significant de-
gree of chamfer formation was observed. Since
the size of these chamfers depends on the size of
the delamination-induced material deformations and
process control, this should be compensated for or
monitored in the future.
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